Abstract -Osmia cornuta adults require exposure to wintering temperatures followed by incubation in the spring to emerge. We studied winter survival, weight loss, emergence time, and post-emergence longevity in O. cornuta exposed to a variety of pre-wintering and wintering treatments. Few bees emerged after exposure to wintering durations <30 days. Maximum survival and longevity were obtained with wintering durations of 90-150 days. Time to emergence following incubation declined with increasing wintering duration and increasing wintering temperature. Pre-wintering treatment had a dramatic effect on bee fitness. Bees pre-wintered for 15 days lost less weight, had higher survival and lived longer than bees pre-wintered for 45 or 75 days. In general, larger bees were more likely to survive the winter and lived longer than smaller bees. We discuss the relevance of these results to survival in wild O. cornuta populations and the management of populations used in orchard pollination.
INTRODUCTION
Osmia cornuta (Latreille) is a solitary, univoltine, spring-flying mason bee distributed throughout most of central and southern Europe and parts of the Middle East (Peters, 1977) . Adult females are active for approximately 20 days in the spring, during which time they build one or more nests in abandoned beetle burrows in dead timber or vacant nests of other bees (mainly Anthophora) in clay embankments. In addition to foraging for pollen and nectar to provision their nests, females also collect mud to build cell partitions and to seal completed nests. Eggs hatch in approximately one week, immature development proceeds through the spring-summer period, and adulthood occurs in late-summer or early autumn. Eclosed adults remain in their cocoons through the winter, and emerge the next spring as temperatures rise. Respirometry studies with the closely-related species Osmia lignaria Say (Kemp et al., 2004) indicate that this winter dormancy is diapause-mediated (sensu Tauber et al., 1986) . Wintering in the adult stage appears to be a derived trait within the family Megachilidae and the genus Osmia , and is probably associated with the early seasonal activity period of O. cornuta. Most other Megachilidae winter as prepupae and adults are active later in the year .
Osmia cornuta is an excellent pollinator of fruit trees, and has been studied as an orchard pollinator in several countries (Asensio, 1984; Torchio et al., 1987; Krunic et al., 1991; Bosch, 1994a; Maccagnani et al., 2003) . As a result, its foraging and nesting behavior are relatively well known (Taséi, 1973a; Maddocks and Paulus, 1987; Jacob-Rémacle, 1990; Bosch, 1994b; Bosch and Blas, 1994a; Vicens and Bosch, 2000a) , and methods to manage O. cornuta populations have been developed, including preferred nesting materials and nesting cavity sizes, releasing methods, and number of bees required per orchard area (Bosch, 1994b (Bosch, , c, 1995 Vicens and Bosch, 2000b) . There is, however, much less information available on the developmental biology and wintering requirements of O. cornuta populations (Taséi, 1973b; Bosch and Blas, 1994b) . Previous studies indicate that winter survival in O. cornuta from NE Spain is high (> 95%) when bees are artificially wintered (3-5 ºC) for a period of 100-120 days, beginning in October to earlyNovember (Bosch, 1994a; Bosch and Blas, 1994b) . Populations artificially wintered later in the year (late-November) for shorter periods (75 days) have lower winter survival (< 86%) (Bosch, 1994a (Bosch, , 1995 . Some bees from the latter populations actually survive the winter, but are not vigorous enough to chew their way out of their cocoons the following spring (Bosch, 1994a) . These results suggest a strong effect of pre-wintering periods (defined as the period from adult eclosion to initiation of wintering) and/or wintering periods (period from initiation of wintering to spring incubation) on O. cornuta survival and vigor. Previous studies also demonstrate a strong effect of wintering periods on emergence time. Bees wintered for 75 days have protracted emergence periods following spring incubation (exposure to warm temperatures that elicit emergence) compared with bees wintered for longer periods (Bosch and Blas, 1994b) . To our knowledge, there is no information available on the effect of different wintering temperatures on emergence in this species.
The objective of this study was to investigate the effect of pre-wintering and wintering duration and temperature on O. cornuta survival, emergence time, weight loss, and vigor. Because O. cornuta exhibits considerable variation in body size within each sex (Bosch and Vicens, 2002) , we were also interested in establishing whether large individuals were more likely to survive the winter than smaller individuals. This information is needed to establish adequate artificial rearing methods for this valuable pollinator. Small O. cornuta populations are currently used in parts of Spain, France and Serbia on commercial almonds and apples (Bosch and Kemp, 2002) . The onset of declining temperatures in late summer or early autumn, and the onset of increasing temperatures in late winter or early spring vary widely among years and nesting areas. Thus, the information gained in this study is also relevant to improving our understanding of the phenology and population dynamics of wild O. cornuta populations.
MATERIALS AND METHODS

Populations and rearing methods
Bees used in this study were obtained from nesttraps placed in La Garrotxa (Girona, NE Spain) in 1993. Each nest-trap consisted of a solid wood block with 25 drilled holes, and a paper straw (length: 15 cm; diameter: 8 mm) inserted in each hole (Bosch, 1995) . Osmia cornuta fly in March-April in La Garrotxa. Once a week throughout the nesting period, newly completed (plugged) nests were brought to the laboratory, where they were incubated at 20-25 ºC. After bees reached adulthood (late August), paper straws were dissected. Cocoons were then sexed according to their size and position within the nest (Bosch, 1994b) . For each bee, assigned sex was confirmed at the end of the study (among other distinctive morphological characters, males have abundant white pilosity on the clypeus).
Experiment 1 (wintering duration)
This experiment tested the effect of wintering duration on O. cornuta survival, emergence time, and longevity. Nine groups of bees (30 female and 50 male randomly-selected cocoons per group) were wintered at 3 ºC on 1 November for 1, 14, 30, 44, 64, 94, 124, 154 , and 184 days, respectively. After wintering, cocoons were individually placed in glass vials at 20 ºC (spring incubation) and checked daily. Emergence and death dates were recorded, and the difference between these dates (longevity without feeding) was used as an indicator of vigor . All bees were weighed within their cocoons (without fecal particles) on 1 November (prior to wintering). In O. cornuta, cocoon weight and adult body weight are highly correlated in both sexes (r 2 ≥ 0.73, P < 0.001) (Bosch and Vicens, 2002) .
Experiment 2 (wintering temperature)
This experiment tested the effect of different wintering temperatures on bee survival, emergence time, and longevity. Six groups of bees (30 female and 50 male randomly-selected cocoons per group) were wintered for 90 days starting on 1 November at different temperatures: -1, 0.5, 3, 5, 7 and 11 ºC. After wintering, cocoons were individually placed in glass vials at 20 ºC and checked daily to record emergence and death. As in experiment 1, all bees were weighed within their cocoons on 1 November.
Experiment 3 (pre-wintering and wintering duration)
This experiment tested the combined effect of pre-wintering and wintering duration on survival, emergence time, and longevity. Nine groups of bees (30 female and 50 male randomly-selected cocoons per group) were exposed to 9 treatments that combined 3 wintering initiation dates (15 September, 15 October, and 14 November) and 3 wintering termination dates (3 February, 5 March, and 4 April), thus covering a range of pre-wintering periods from ~15 tõ 75 days (bees reached adulthood in late August), and a range of wintering periods (at 3 ºC) from 81 to 201 days (Tab. I). Treatment notation for this experiment indicates the date of wintering initiation followed by the date of wintering termination. For example, bees of treatment 15 Sept.-3 Feb. were wintered from 15 September until 3 February. After wintering, bees were incubated at 20 ºC, and emergence and longevity were monitored as in experiments 1 and 2. To monitor weight loss during the pre-wintering and wintering periods, bees from all treatments starting wintering on 15 October or 14 November were weighed inside their cocoons on 15 October, at the beginning of wintering, and at the end of wintering.
Data analysis
Statistical analyses were conducted separately for males and females. Previous studies on O. cornuta and the closely-related O. lignaria established that males are smaller, emerge sooner and usually live longer (without feeding) than females (Bosch and Blas, 1994b; Bosch and Vicens, 2002) . Binary LOGIT models (PROC LOGISTIC; SAS Institute Inc., 1999; Allison, 1999) were used to test for the effect of wintering duration (experiment 1), wintering temperature (experiment 2), and pre-wintering/wintering duration (experiment 3), on the likelihood of survival. In experiments 1 and 2, individual weight was used as a covariate. For those individuals surviving to emergence, ANCOVA (PROC GLM; SAS Institute Inc., 1999) was used to test for the effects of wintering duration (experiment 1), and wintering temperature (experiment 2), on emergence time and longevity, with individual body weight as a covariate. In experiment 3, ANOVA (PROC GLM; SAS Institute Inc., 1999) was used to test the effect of pre-wintering/wintering duration on emergence time, longevity, and percent weight loss (arcsin-transformed) in those individuals that survived to emerge.
RESULTS
Experiment 1 (wintering duration)
The effect of wintering duration on winter survival is shown in Figure 1 . Very few bees emerged following wintering periods less than 30 days. Survival increased sharply when bees were wintered for 30 days or more (Fig. 1 , Tab. II), but survival remained lower than 70% in this experiment. The effect of body weight on survival was significant for both sexes, with larger individuals being more likely to survive the winter than smaller individuals (Tab. II). For those individuals that successfully emerged, emergence time decreased with wintering duration (Fig. 1 , Tab. II). Emergence time decreased rapidly for wintering durations ranging from 30 to 94 days, and then more slowly for longer wintering durations. For the longest wintering tested (184 days), mean female emergence time was as short as 4.6 days, and female emergence period (time between first and last female emergence) was only 4 days. Individual body weight had no effect on emergence time (Tab. II). Longevity without feeding at 20 ºC increased with wintering duration in males but not in females ( Fig. 1 ) (Tab. II), and larger individuals of both sexes lived longer (Tab. II).
Experiment 2 (wintering temperature)
Maximum survival was obtained at 7 ºC in both sexes (Fig. 2) . The effect of wintering temperature on survival was significant for females, but failed significance for males (Fig. 2,   Figure 1 . Percent survival, emergence time (mean ± SE; in days) and longevity (mean ± SE; in days) in female and male Osmia cornuta wintered on 1 November for various durations (in days). Tab. III). Body weight only had a marginal effect on male survival (Tab. III). Emergence time decreased with increasing temperatures (Fig. 2 , Tab. III), and at 11 ºC, two males emerged during wintering (prior to incubation at 20 ºC). Emergence time was not influenced by body size in either sex (Tab. III). The effect of wintering temperature on longevity was less clear, but bees wintered at the coldest temperatures (-1 to 5 ºC) tended to live longer (Fig. 2, Tab. III). Body size was a significant covariate only for males (Tab. III).
Experiment 3 (pre-wintering/ wintering duration)
Winter survival of O. cornuta decreased very rapidly with increasing pre-wintering duration (Fig. 3 , Tab. IV). In treatments with short or intermediate pre-wintering duration (Fig. 3) . As in experiment 1, emergence time decreased with increasing wintering duration (Fig. 3 , Tab. IV). The effect of pre-wintering periods on emergence time was less clear, but bees prewintered for a long period and wintered for a short period were very slow to emerge. On the other hand, two males of this treatment emerged before 14 November, prior to wintering. Longevity without feeding decreased rapidly with pre-wintering duration (Fig. 3 , Tab. IV). Bees lost weight much more rapidly during pre-wintering than during wintering. As a result, weight losses by the end of wintering were 4-5% higher in bees pre-wintered for ~75 days (14 Nov.-treatments) than Figure 3 . Percent survival, emergence time (mean ± SE; in days) and longevity (mean ± SE; in days) in female and male Osmia cornuta exposed to various combinations of pre-wintering and wintering durations. Pre-wintering durations are ~15 days, ~45 days, and ~75 days, for bees wintered on 15 September, 15 October, and 14 November, respectively. For wintering durations see Table I. in bees pre-wintered for ~45 days (15 Oct.-treatments) (Tab. V; Females: F = 59.44; df = 5, 86; P < 0.0001; Males: F = 25.60; df = 5, 131, P < 0.0001).
DISCUSSION
Pre-wintering duration has a dramatic effect on weight loss and subsequent survival and vigor in O. cornuta. The results of experiment 3 combined with preliminary results on bees prewintered for less than 10 days (J. Bosch, unpublished) suggest that optimal pre-wintering periods for O. cornuta range between 10 and 30 days. This explains the poor survival registered in experiments 1 and 2, when bees were pre-wintered for 60 days, and in field populations not wintered until late November (Bosch, 1994a (Bosch, , 1995 . Recent studies on O. lignaria have detected apparent fat body depletion in bees pre-wintered for excessively long periods Bosch and Kemp, 2001 ). In the tortricid Choristoneura fumiferana (Clemens), individuals exposed to extended or warm pre-wintering periods exhibited greater losses of energy reserves (triglycerides and glycogen) and expressed higher winter mortality than individuals exposed to shorter or cooler prewintering periods Bauce, 1997, 1998) . Loss of energy reserves during pre-wintering is consistent with the decreased longevity observed in this study in O. cornuta pre-wintered for long periods. It is also consistent with observations in late-wintered populations of individuals that survived the winter, but were not vigorous enough to fly (N. Vicens and J. Bosch, unpublished) , or to chew their way out of the cocoon (Bosch, 1994a) .
The respirometry of O. lignaria, which, like O. cornuta, reaches adulthood in autumn and overwinters in the adult stage, has been recently studied (Kemp et al., 2004) . Respiration rates in O. lignaria start declining immediately after adult eclosion, irrespective of temperature, and reach minimum values 2-4 weeks thereafter. If bees are then chilled, respiration rates start rising, and continue to increase steadily throughout the winter. Weight losses in chilled bees are moderate. Conversely, non-chilled adults maintain low respiration rates, express dramatic weight losses, and die during the winter (J. Bosch, W.P. Kemp, F. Sgolastra, unpublished) . Thus, it appears that maximum survival in both species is obtained when wintering initiation is timed with the period of minimum respiration rates, 2-4 weeks after reaching adulthood. Individual variability in adulthood timing within a population implies that different individuals will be more or less fit to survive the winter and In years with late-arriving winters, early-developing individuals will be exposed to long prewintering periods. In O. lignaria, adulthood occurrence spanned more than one month and late-developing individuals (wintered 9-16 days after adulthood), showed less evidence of fat body depletion and had longer post-emergence longevity than early-developing individuals (wintered 37-51 days after adulthood) . Conversely, in years with an earlyarriving winter, individuals with slow developmental rates may have to winter as teneral adults (with reduced chances of survival; J. Bosch, W.P. Kemp, F. Sgolastra, unpublished) or even as pupae (with no chance of survival; . Phenological variability within a population has been shown to play an important role in individual fitness in other insects. In the geometrid Epirrita autumnata Bkh., pupal period duration (and hence adult emergence time) is highly variable (1-3 mo) (Tammaru et al., 1999) . Weather conditions during adult flight in this species appeared to exert only a weak selective pressure for increased variation in emergence date, but egglaying date in autumn was correlated with hatch date the next spring, which greatly affected larval performance via synchrony with host plant bud burst (Tammaru et al., 1999) . High mortality in the ladybird beetle, Coccinella septempunctata L., was reported when anomalous weather conditions delayed egg-laying by firstgeneration adults, leaving insufficient time to second-generation offspring to reach the adult (wintering) stage before the onset of winter temperatures (Dobzhanski, 1921; cited in Hodek and Hon k, 1996) . Like O. lignaria (Bosch and Kemp, 2003) , O. cornuta requires a period of exposure to chilling temperatures followed by a period of warm temperatures for prompt spring emergence. The time to emerge after exposure to warm temperatures is inversely related to the duration of the cold exposure period, a pattern that has been described for numerous temperatezone winter-diapausing insects (e.g. Neilson, 1962; McLeod et al., 1985; Bell, 1989; Wang and Laing, 1989; Denlinger and Tanaka, 1999) . Although in some insect species diapause may alternatively be completed without chilling (Danks, 1987; Hodek and Hodková, 1988) , individuals of both Osmia species chilled for less than 90 days have low survival, protracted emergence periods and are less vigorous after emergence. In both species, however, warmer wintering temperatures (7 to 13 ºC) result in faster emergence than cooler temperatures (-1 to 4 ºC) (Bosch and Kemp, 2003; this study) . These findings agree with recent respirometry studies that show that respiration rates in O. lignaria adults increase faster when diapausing adults are exposed to 7 ºC than to 0 ºC (J. Bosch, W.P. Kemp, F. Sgolastra, unpublished) . Thus, winter diapause development in both Osmia species is consistent with a dynamic model proposed by Sawyer et al. (1993) , under which the thermal response of the insect progressively changes from low to high temperature optima throughout the winter.
The results of this study have a direct application to the development of rearing methods for O. cornuta populations used in orchard pollination. In general terms, O. cornuta response to wintering duration and temperature was similar to that observed in O. lignaria (Bosch and Kemp, 2003) . In both species, maximum survival was obtained after 90-150 wintering days, and, at least for wintering durations ≤ 150 days, longevity (an indicator of vigor) increased with increasing wintering duration. As mentioned, emergence time decreased with increasing wintering duration and increasing wintering temperature in both species. Post-emergence longevity also decreased with increasing temperature in both species, but maximum survival was obtained at a lower temperature (0 ºC) for O. lignaria, than for O. cornuta (7 ºC). Optimal wintering temperature and duration are expected to vary not only between both species, but also between populations within a species. For example, male February-flying O. cornuta wintered for 90 days at 3 ºC emerged in 2.1 days (Bosch and Blas, 1994b ), compared to 10.1 days in the March-April-flying population of this study wintered for 94 days at 3 ºC. In the Februaryflying population, males started emerging at 3 ºC before 120 days of wintering (Bosch and Blas, 1994b) , whereas bees of this study could be wintered for up to 184 days without males emerging prematurely (before incubation).
Correct management of pre-wintering periods is essential for winter survival and vigor. Starting in late-summer, adulthood should be closely monitored, and populations should be e v wintered no later than 1-2 weeks after the last individuals have reached adulthood. Short prewintering periods will also allow for longer wintering duration, which in turn will promote faster emergence and facilitate timing with orchard bloom the following spring. Fast emergence can also be achieved by raising wintering temperatures, although at some metabolic cost in terms of weight loss, fat body depletion and associated vigor Bosch and Kemp, 2003) . Body size had a significant effect on survival and longevity (except for females of experiment 2), but not on emergence time. A positive correlation between body size and winter survival was also found in O. lignaria (Tepedino and Torchio, 1982) . These results emphasize the importance of releasing appropriate bee densities (Torchio, 1985; Bosch, 1994b; Vicens and Bosch, 2000b) in orchard operations, so as to maximize pollination without enhancing competition for floral resources, which results in reduced offspring body size (Torchio, 1985) . (Fig. 1) . La période d'émergence était raccourcie quand la durée de l'hivernage et la tempéra-ture d'hivernage augmentaient (Fig. 1) . La survie a eu tendance à augmenter parallèlement à la tempé-rature hivernale (de -1 °C à +7 °C, Fig. 2) , mais la longévité a été meilleure aux faibles températures (de -1 à +5 °C) qu'aux hautes (+7 à +11 °C ; Fig. 2 ). Le traitement pré-hivernal a eu un effet dramatique sur la valeur adaptative (« fitness ») des abeilles. Les abeilles qui avaient pré-hiverné durant 15 j ont eu une meilleure survie et ont vécu plus longtemps que celles qui avaient pré-hiverné durant 45 à 75 j ( Fig. 3 ; Tab. IV). Les abeilles qui avaient pré-hiverné durant 75 j ont perdu environ 4 à 5 % plus de poids que celles qui avaient pré-hiverné durant 45 j (Tab. V). En général les abeilles plus grosses (plus lourdes) étaient plus susceptibles de survivre à l'hiver et vivaient plus longtemps que les petites, mais la taille corporelle n'a eu aucun effet sur la période d'émergence. 
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